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Abstract 
We have successfully synthesized FeSe films by the electrochemical deposition in the 
electrolyte containing FeCl2·4H2O, SeO2 and Na2SO4. The composition ratio of Fe and Se was 
controlled by the synthesis voltage and pH value. The FeSe film with the composition ratio of 
Fe : Se = 1 : 1 is fabricated at a voltage of -0.9 V and pH 2.1 in our electrochemical deposition. 
This sample has a highly crystalline tetragonal FeSe structure and exhibits a superconducting 
transition at 8.1 K, comparable to FeSe synthesized by other methods. 
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Introduction 
Iron-based superconductors are promising material for superconducting applications under 
a high magnetic field since they have a high superconducting properties such as high upper 
critical field Hc2 [1] and irreversibility field Hirr [2]. Among them, iron chalcogenides have 
some of the simplest structures with a less toxicity than iron pnictides. The iron chalcogenide 
FeSe with a superconducting transition temperature (Tc) of 8 K [3] reaches 37 K under high 
pressure [4-7]. The large enhancement of Tc is strongly related to the change of the anion 
height [8]. Therefore, FeSe wires and tapes exhibit high Tc compared to that of the bulk due to 
the change of the anion height by the shrinkage of c-axis [9-11]. From these aspects, the iron 
chalcogenides can be potential candidates for the application for wires, tapes, and thin films. 
FeSe thin films have been synthesized by the PLD and MBE techniques. These techniques 
require expensive equipment and the high vacuum systems. On the other hand, an 
electrochemical deposition is not only easy, fast and low-cost method to fabricate thin films 
over large areas compared to PLD and MBE techniques but also easy to apply to tape 
fabrication and coating. Thus, FeSe electrochemical deposition may be innovative method for 
the fabrication of superconducting film, wires, tapes, and coatings.  
Here, we report the electrochemical synthesis of FeSe films using FeCl2·4H2O, SeO2 and 
Na2SO4 as starting materials and the successful for deposition of superconducting FeSe films 
showing a Tc of 8.1 K.  
 3 
Experimental 
The electrochemical depositions were performed by a three-electrode method. As an 
anode, a cathode and a reference electrode, we used a Pt plate, an Fe plate and a Ag/AgCl 
electrode, respectively. The electrolyte was prepared by dissolving 0.03 mol/l FeCl2·4H2O, 
0.015 mol/l SeO2, and 0.1 mol/l Na2SO4 into distilled water. H2SO4 was used as a pH adjustor 
of the electrolyte. We measured cyclic voltammetry (CV) corresponding to the voltage 
dependence of the current density J within the range from 0 to -3 V vs. Ag/AgCl with the scan 
rate of 100 mV/s. X-ray diffraction was carried out by the θ-2θ method with Cu-Kα radiation. 
The composition of the films was determined by the energy dispersive x-ray (EDX) 
spectrometry. The temperature dependence of magnetization was observed by a 
superconducting quantum interface device (SQUID) magnetometer with an applied field of 2 
Oe.  
 
Results and discussion 
We performed the CV measurement in order to identify a suitable voltage for the 
deposition of FeSe, as shown in Fig. 1. The cyclic voltammogram shows an anomaly around 
-0.9 V vs. Ag/AgCl on the forward and reverse scan correspond to the red and blue lines. 
Since the anomaly probably corresponds to the electrodeposition of FeSe, we performed the 
electrodeposition in the range between -0.7 and -1.1 V. Figure 2(a) shows the voltage 
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dependence of the composition ratio of Fe and Se. In the film fabricated between -0.9 and -1.0 
V, we observed that the Fe and Se composition ratio are comparable, i.e. Fe : Se = 1 : 1. Se 
composition linearly increases with increasing voltage, while Fe composition decreases. This 
result indicates that the composition of film can be controlled by the synthesized voltage. The 
crystal structure of the samples synthesized between -0.7 and -1.1 V are measured by x-ray 
diffraction, as shown in Fig. 2(b). The film synthesized at -0.9 V shows the highest intensity 
of tetragonal FeSe peaks than films of other voltages, indicating that the film with the same 
Fe and Se composition ratio shows good crystallinity of tetragonal FeSe in electrodeposition. 
Apart from -0.9 V, XRD patterns show broadened peaks of tetragonal FeSe and some 
evidence of hexagonal Se peaks. From the voltage dependence, we found that the suitable 
condition to deposit FeSe film is the voltage around -0.9 V in this solution. 
Additionally, we investigated the electrodeposited films with changing pH value of the 
electrolyte. Figure 3(a) shows the pH dependence of the composition ratio of Fe and Se at the 
voltage of -0.9 V. From the EDX results, we found that the sample with the same Fe and Se 
composition ratio is obtained around pH 2.1. With increasing pH, Se composition increases 
while Fe composition decreases. Thus, the composition ratio of the electrodeposited film can 
be tuned by the pH value. XRD patterns of these films deposited between pH 2.0 and 2.2 are 
summarized in Fig. 3(b). The XRD pattern of the film synthesized at pH 2.1 clearly shows 
higher crystallinity of tetragonal FeSe than other pH values. These results indicate that the 
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electrodeposited film with same Fe and Se composition ratio shows well crystallized of 
tetragonal FeSe. We find that the suitable condition to synthesize FeSe film at the voltage of 
-0.9 V and the pH 2.1.  
Figure 4 shows the temperature dependence of the susceptibility of the obtained sample 
at suitable condition peeled from Fe substrate was measured after the zero field cooling. The 
FeSe film with same Fe and Se composition ratio and good crystallinity exhibits the 
superconducting transition at 8.1 K. The positive magnetization may correspond to Fe 
particles containing the sample when peeling off the Fe substrate. The Tc is comparable to that 
of the bulk FeSe. Therefore, the electrochemical deposition can be an innovative method for 
the fabrication of superconducting films, wires, tapes, and coatings. 
Previously, we have published the first report that the superconducting FeSe film was 
successfully fabricated by an electrochemical syntheses using the electrolyte with FeSO4∙
7H2O and SeO2 [12]. However, this FeSe film, synthesized at a voltage of -1.75 V and pH 2.3 
shows broader XRD peaks and lower Tc of 3.5 K than the present work. It is expected that the 
improvement of the film quality is due to the sample synthesizing voltage which minimize the 
hydrogen generation. Therefore, we succeeded to electrodeposit FeSe film with good 
crystallinity and higher Tc than previous report. 
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Conclusion 
We performed the electrochemical synthesis using the electrolyte with FeCl2·4H2O, SeO2 
and Na2SO4 and found that the suitable condition at -0.9 V and pH 2.1. The obtained sample 
shows the superconducting transition temperature of Tc = 8.1 K, which is higher than that of 
the previous report. Our results demonstrate that the electrochemical deposition can be a 
powerful technique to easily fabricate superconducting films, wires, tape and coatings.  
 
Acknowledgements 
This work was partly supported by a Grant-in-Aid for Scientific Research from the 
Ministry of Education, Culture, Sports, Science and Technology (KAKENHI). 
 
1 
F. Hunte, J. Jaroszynski, A. Gurevich, D. C. Larbalestier, R. Jin, A. S. Sefat, M. A. McGuire, 
B. C. Sales, D. K. Christen, and D. Mandrus: Nature 453 (2008) 903. 
2 
A. Yamamoto, J. Jaroszynski, C. Tarantini, L. Balicas, J. Jiang, A. Gurevich, D. C. 
Larbalestier, R. Jin, A. S. Sefat, M. A. McGuire, B. C. Sales, D. K. Christen, and D. Mandrus: 
Appl. Phys. Lett. 94 (2009) 062511. 
3  
F. C. Hsu, J. Y. Luo, K. W. The, T. K. Chen, T. W. Huang, P. M. Wu, Y. C. Lee, Y. L. Huang, 
Y. Y. Chu, D. C. Yan, and M. K. Wu: Proc. Natl. Acad. Sci. U.S.A. 105 (2008) 14262. 
 7 
4 
Y. Mizuguchi, F. Tomioka, S. Tsuda, T. Yamaguchi, and Y. Takano: Appl. Phys. Lett. 93 
(2008) 152505. 
5 
S. Margadonna, Y. Takabayashi, Y. Ohishi, Y. Mizuguchi, Y. Takano, T. Kagayama, T. 
Nakagawa, M. Takata, and K. Prassides: Phys. Rev. B 80 (2009) 064506. 
6 
S. Medvedev, T. M. McQueen, I. A. Troyan, T. Palasyuk, M. I. Eremets, R. J. Cava, S. 
Naghavi, F. Casper, V. Ksenofontov, G. Wortmann, and C. Felser: Nat. Mater. 8 (2009) 630. 
7 
S. Masaki, H. Kotegawa, Y. Hara, H. Tou, K. Murata, Y. Mizuguchi, and Y. Takano: J. Phys. 
Soc. Jpn. 78 (2009) 063704. 
8 
Y. Mizugichi, Y. Hara, K. Deguchi, S. Tsuda, T. Yamaguchi, K. Takeda, H. Kotegawa, H. 
Tou and Y. Takano: Supercond. Sci. Technol. 23 (2010) 054013 
9 
T. Ozaki, K. Deguchi, Y. Mizuguchi, Y. Kawasaki, T. Tanaka, T. Yamaguchi, H. Kumakura 
and Y. Takano: to be published in J. Appl. Phys. arXiv : 1103.3602v2[Condmat]
 
10 T. Ozaki, Y. Mizuguchi, S. Demura, K. Deguchi, Y. Kawasaki, T. Watanabe, H. Okazaki, H. 
Hara, H. Takeya, T. Yamaguchi, H. Kumakura and Y. Takano: J. Appl. Phys. 111 (2012) 
013912. 
11 
Z. Gao, Y. Qi, L. Wang, D. Wang, X. Zhang, C. Yao and Y. Ma: Supercond. Sci. Technol. 
24 (2011) 065022. 
 8 
12
 S. Demura, T. Ozaki, H. Okazaki, Y. Mizuguchi, Y. Kawasaki, K. Deguchi, T. Watanabe, H. 
Hara, H. Takeya, T. Yamaguchi and Y. Takano J. Phys. Soc. Jpn. 81 (2012) 043702.
 
 
 9 
Figure caption 
Fig. 1 Cyclic voltammogram in distilled water dissolving 0.03 mol/l FeCl2·4H2O, 0.015 mol/l 
SeO2, and 0.1 mol/l Na2SO4. The red and blue lines correspond to the forward and reverse 
scan, respectively. 
 
Fig. 2 Voltage dependence of (a) the composition ratio of Fe and Se in the electrodeposited 
films at pH 2.1 analyzed by EDX and (b) x-ray diffraction patterns of FeSe films fabricated at 
the voltage between -1.1 and -0.7 V. Peaks marked by ○ and ▲ indicate tetragonal FeSe and 
hexagonal Se, respectively. 
 
Fig. 3 pH dependence of (a) composition ratio Fe and Se in FeSe films synthesized at the 
voltage of -0.9 V measured by EDX and (b) x-ray diffraction patterns of FeSe thin films 
fabricated between pH 2.0 and 2.2 at the voltage of -0.9 V. Peaks denoted by ○ indicate 
tetragonal FeSe. 
 
Fig. 4 Temperature dependence of the magnetic susceptibility for FeSe film electrodeposited 
at the voltage -0.9 V and pH 2.1. 
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Fig. 1. S. Demura 
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Fig. 2. S. Demura 
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Fig. 3. S. Demura
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Fig. 4. S. Demura 
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